Objective: To elucidate the neuropathology in cerebellar ataxia with neuropathy and bilateral vestibular areflexia syndrome (CANVAS), a novel cerebellar ataxia comprised of the triad of cerebellar impairment, bilateral vestibular hypofunction, and a peripheral sensory deficit.
An abnormal visually enhanced vestibulo-ocular reflex (VVOR) represents a compound impairment of the 3 key corrective oculomotor reflexes, namely, smooth pursuit, the vestibulo-ocular reflex (VOR), and the opticokinetic reflex. We refer the reader to our earlier work for details of the VVOR. 1 While the initial description of a syndrome of cerebellar ataxia and bilateral vestibulopathy noted the presence of a peripheral neuropathy in 3 of the 4 index cases, we later showed that in 18 patients a peripheral nerve disease was an integral component of the syndrome we renamed cerebellar ataxia with neuropathy and bilateral vestibular areflexia syndrome (CANVAS). 2 At this time, we noted that a neuronopathy (ganglionopathy) could not be definitively excluded. Subsequently, temporal bone histopathology 1 revealed a vestibular, facial, and trigeminal sensory neuronopathy. In an effort to unify the underlying pathology in CANVAS, we speculated that the peripheral sensory deficit, invariably seen in this syndrome, was more likely to be a neuronopathy than a neuropathy. Our efforts at testing this hypothesis were initially limited by the difficulty in differentiating these 2 entities with conventional neurophysiologic protocols. On obtaining the first spinal cord postmortem samples in cases of diagnosed CANVAS, it appears that the peripheral sensory deficit in CANVAS may be due to a dorsal root ganglionopathy. We hope to develop neurophysiologic protocols that may be used to identify this pathology in the living patient.
METHODS Standard protocol approvals, registrations, and patient consents. Approval to conduct this study was obtained from the Royal Victorian Eye and Ear Hospital Ethics Committee. Written informed consent for research was obtained from all patients (or guardians of patients) participating in the study.
We have gathered neuropathologic data on 3 cases of CANVAS: with brain pathology on all 3, together with spinal pathology in 2 of these and temporal bone histopathology on the other.
RESULTS
The brains of 3 patients with CANVAS were examined postmortem. Patient 1 was a 71-year-old woman with a 10-year history of progressive imbalance, dysarthria, and dysphagia. Examination revealed an ataxic gait, cerebellar dysarthria, downbeat nystagmus, severe bidirectional impairment of horizontal and vertical VOR on impulsive testing, and saccadic eye movements on testing the VVOR. While normal in the upper limbs, proprioception was impaired in the lower limbs and deep tendon reflexes were absent. Pinprick sensation was preserved throughout. Temporal bone pathology was obtained from this patient (see figure 1 ). 3 On neuropathologic examination the main changes seen were in the cerebellum and spinal cord. The cerebrum showed minor generalized atrophy and on coronal section showed minor blunting of the angles of the lateral ventricle. Basal ganglia and diencephalon appeared normal. Microscopic examination of the cortex showed age-related changes only. Basal ganglia, thalamus, subthalamic nuclei, and hypothalamus showed no microscopic pathology. On external examination of the brainstem and cerebellum, atrophy of cerebellar folia (figure 2) and atrophy of the vestibular component of the eighth cranial nerve in the cerebellopontine angles ( figure 1A) were noted. On parasagittal examination, the cerebellum of patients 1 and 2 displayed prominent atrophy in the superior and inferior aspects of the vermis that was more marked than the atrophy of the hemispheres ( figure 2 ). In the third patient, there was minor atrophy of the folia of the cerebellar superior vermis. Cross-section examination of the brainstem in all 3 cases was unremarkable. In all subjects, microscopic sections of cerebellum showed vermal atrophy with neuronal loss in the Purkinje cell layer in association with Bergmann layer gliosis and occasional torpedo body formation. These changes were less prominent laterally. There was relatively minor atrophy of the granular cell layer and secondary loss of white matter tracts (see figure 2 ). The cerebellar dentate nuclei were unremarkable. Sections of the brainstem showed very minor pigment incontinence from the neurons of the substantia nigra with no evident Lewy bodies. Pontine and cranial nerve (including the eighth cranial nerve) nuclei showed a normal neuronal content with no gliosis. The medial lemniscus was normally myelinated. The inferior olivary nuclei showed lateral aspect loss of neurons and gliosis with secondary tract degeneration in the cerebellomedullary tracts. There were no neuronal or astrocytic inclusions, tangles, or neuritic threads in the cerebellum, brainstem, or spinal cord on immunoreaction with tau (Dako, Glostrup, Denmark) or a-synuclein (Dako). Spinal cord examination was undertaken in patients 2 and 3 and revealed markedly atrophic dorsal root ganglia (DRG) with atrophy of the dorsal roots. On cross-section, atrophic posterior columns were seen (see figure 3 ). Subtotal neuronal loss in the DRG with no satellite cell proliferation was noted on sections. The posterior columns showed severe loss of myelinated axons (see figure 3 ). Slight pallor of the corticospinal tracts was also evident. Apart from a mild loss in the lumbar anterior horns in case 3, there was no neuronal loss from the anterior or lateral horns, and lateral thoracic columns showed a normal neuronal population. Microscopic examination of the temporal bone resection in case 1 3 revealed severely atrophic vestibular ganglia with marked diminution in Scarpa ganglion cells. The associated vestibular nerve was atrophic. Severely atrophic trigeminal ganglion with loss of ganglion cells and replacement psammoma bodies were seen. The trigeminal ganglion was also atrophic with a marked decrease in ganglion cells, atrophy of nerve fibers, and presence of nodules of Nageotte. The facial nerve ganglion showed near-total loss of cells. DISCUSSION In total, we have gathered clinical data on 51 patients with CANVAS. These patients have been diagnosed by a small number of neurologists in the past 5 to 10 years, so CANVAS is very unlikely to be a rare syndrome.
Patient 2 was an
Pathophysiologically, DRG neuronal loss leads to axonal degeneration with secondary demyelination in the posterior columns. The DRG neuronal loss described here supports our clinical suspicion that the peripheral sensory deficit in CANVAS is a sensory neuronopathy in at least a subgroup of patients with CANVAS. This finding also reinforces our previous elucidation of a vestibular (Scarpa), trigeminal, and facial neuronopathy. 3 However, it should be noted that there remains the possibility of phenotypic heterogeneity in CANVAS or even bilateral vestibulopathy comorbid with cerebellar impairment (so-called cerebellar ataxia with bilateral vestibulopathy 4 ) such that it may manifest with or without a neuropathy or neuronopathy. It has been noted that in the DRG of patients with Friedreich ataxia, there is a thickening of the layer of ferritin-reactive satellite cells that normally surround DRG neurons. 5 Satellitosis was not seen in the DRG of the patient with CANVAS. Consistent with our previous MRI findings, 1 the cerebellar pathology is not diffuse and specifically involves the anterior and dorsal vermis, and the hemispheric crus I. As with CANVAS, Friedreich ataxia often manifests as the combination of cerebellar ataxia, a bilateral vestibulopathy, and DRG atrophy 6, 7 ; however, in Friedreich ataxia, the deep cerebellar nuclei are involved. 8 While the cerebellar impairment in multiple system atrophy of the cerebellar type (MSAc) has been reported to be accompanied by a bilateral vestibulopathy, 9, 10 this is somewhat controversial 11 and clinico-radiologically MSAc bears a limited resemblance to CANVAS. No a-synuclein immunoreactive inclusions typical for MSA were seen in sections. The association of cerebellar ataxia, bilateral vestibulopathy, and loss of small-fiber sensation is seen in spinocerebellar ataxia type 3 (SCA3); however, because it is an autosomal dominantly inherited ataxia, the family pedigree is likely to be far more populated with patients than that of autosomal recessive inheritance-the presumed mode of inheritance in CANVAS. Other SCAs may manifest a sensory neuropathy, more frequently SCAs 4 and 25 12, 13 and occasionally SCAs 1, 8, and 27. [14] [15] [16] Elucidation of the underlying spinal cord pathology supports the development of a targeted neurophysiologic testing protocol to aid in the clinical diagnosis of patients with ataxia and a comorbid peripheral sensory deficit. Our cohort of patients with CANVAS includes 6 sibling pairs, which implies either an autosomal recessive or autosomal dominant with reduced penetrance pattern of inheritance. 
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